The earlier planning methods of supply chains (SC) in the skeleton of the extended material requirements planning (EMRP), where the time horizon of the reverse Laplace is infinite, were not convenient to estimate the impact of the technical obsolescence of the product or technology involved, which has economic, environmental, and social consequences. Therefore, the perturbations of timing are presented until the possible obsolescence, with parallel execution of the network simulation model (NSM) to evaluate the impact of the finite lifespan on the value of the chain. The EMRP, as well as the NSM, are based on the skeleton of the material requirements planning model, where delays and their perturbations are presented transparently. Contrary to the previous studies of the net present value (NPV) in the EMRP skeleton, where the infinite horizon is assumed, the impact of shortening the horizon of activities is shown here, in order to also evaluate the risk of financing investments in the SC with a shorter lifespan of products or technology. Owing to the simultaneous appearances of the stochastic variables, the parallel execution and exchanging of data, using NSM is advised. The procedures for estimation of correction factors of the NPV and their values are given.
Introduction

The Perturbed Flows in Global Supply Chains
The value chain as a process and activities by which a supply chain adds value to a final article or the components, including production, distribution, or even reverse logistics, should be presented in a transparent way for to analyse the sustainable performance of a global supply chain [1] , as also modelled by the authors of [2, 3] . Three flows in a global supply chain (SC) are often subject to interference. Therefore, the flow of items, the flow of information, and the financial stream are exposed to unexpected delays in a chain; thus, a timing should be introduced in the model, presenting time-dependent activities and the net present value (NPV) and other economic consequences. The impact of a schedule on the value chain can be well estimated if the criterion function consists of the net present value data on activities in a supply chain [4] . Multi-regional input-output databases contain much information to assess impacts along the value chain, but routines to track the implications of any spatially dispersed sector along the global upstream and downstream value chain are missing [1] , and the impact of perturbations in timing [2] [3] [4] when considering location, global resources, reverse logistics, and economic performances of increasingly globalised supply chains is often ignored. Also, the impact and sustainability of the chain. After reviewing the literature in Section 2, the approach to the evaluation of the supply chain activities in the infinite horizon is presented, as developed in the work of [4] , in Sections 3.1 and 3.2 as it gradually evolved. This leads to the description of the improved evaluation of the NPV in the finite horizon, given in Section 3.3. The numerical example and the assessment of the improvements with the calculation of the correction factors are given in Section 4. After the discussions in Section 5, suggestions for new directions of the investigation are given in Section 6.
Literature Review
Economic and Technological Components of Sustainable Development
According to the World Commission on Environment and Development definition of sustainability [14] , there are three main components of sustainable development. These are the social component, the economic component, and the environmental component, which is in the heart of the study. Also, the United Nations [15] have declared these three components as three pillars of sustainable development that might be mutually reinforcing [16] . However, these three pillars are not the only components of supply chain sustainability. Eslami et al. analysed how sustainability is defined through its nine dimensions, as recognised on the bases of the literature review [17] . One of the essential components is technology, being studied in many recently published papers [18] [19] [20] [21] [22] [23] . The authors exposed the fact that technology is a relevant element of the concept of sustainability. They believe that further development of technology is crucial for the modern industrialised world. Therefore, it should also be developed and evaluated in the context of economic, social, and environmental dimensions. Haanstra et al. exposed findings, that "implementing sustainability principles of the circular economy and associated transitions tend to transcend the boundaries of individual businesses. This calls for a shift in traditional sustainability thinking by transitioning from business-oriented sub-optimisation to collaborative value chain optimisation" [18] . Similar conclusions are also drawn from the works of Kovačić and Bogataj [24] . From the viewpoints of technology, some other dimensions of sustainability can also be evaluated, like energy, quality, and efficiency and other performance measures [17, 20] .
Supply chain risks have been characterised as circumstances in which "unexpected events might disrupt the flow of materials on their journey from initial suppliers to final customers" [25] . The obsolescence risk is one of such events. In the last 30 years, the uncertainty of SC increased by the increasing globalisation and fast development of the new technology, which influence obsolescence risk. The risk of obsolescence means that the processes in the SC or the manufactured products or the entire production or technological solutions in the SC will become obsolete, losing the ability to compete in the market. The obsolescence would reduce the NPV of an SC. In the world of the fast development of technologies, the obsolescence risk is very significant for technology-based SC or their parts when competing in the economy of innovations. This risk should be evaluated when members of an SC are deciding how much to invest in new technology. The SC is exposed to the risk that this technology will not remain on the market long enough for the investment to pay off. Mitigating the obsolescence risk means that members of an SC are prepared to make more substantial capital expenditures when, at an unknown moment in the future, the SC production become obsolete. Therefore, the question exposed here is how to predict obsolescence and to determine the required budget accordingly. A sudden liquidity problem in an activity cell in an SC that would disrupt material flows could constitute such an event. Such disruptions frequently occurred during the 2008-2009 period corresponding to the 2008 financial crisis [26] . To maintain effectiveness, supply chain managers can arrange to share strategic stocks or to enter into joint supply agreements. Together with the SCF service providers, they can also pre-arrange ways to access critical stocks, as advised at the World Economic Forum (WEF) [13] . To achieve such pre-arrangements, however, the decision support models need to be developed, as suggested by Bogataj et al. [4] , for better understanding the risks of systemic financial disruptions. In another article [4] , the method was developed for assessing risks and determining the amount of money that could mitigate a given risk using an approach in which NPV appears as a criterion function, Sustainability 2019, 11, 5484 4 of 18 but the obsolescence risk was not considered in that paper; therefore, the NPV was overestimated for the cases in which the obsolescence risk would be realized. Now, we wish to develop further this approach to also answer the question of how to mitigate the obsolescence risk.
The skeleton of the model in the work of [4] was the multistage MRP model, developed by Grubbström [27, 28] (see the overview in the works of [29, 30] for the articles published before 2007 and the outline of the recent achievements in the work of [31] ). This skeleton has been extended by the transportation timing matrix and the transportation costs matrix to supply chain (EMRP) by the first attempts in Bogataj and Bogataj [32] [33] [34] and by Bogataj et al. [35] , and further developed by Bogataj and Grubbström [2, 3] . Namely, locations of activities in a chain influence time delays, and therefore, the NPV of a chain, as well as the exposure to risk.
In supply chain management, the risk of cascading failures of activity cells can cause a catastrophic failure, often referred to as systemic risk [19] . Catastrophic failure is a sudden and total failure of a system, from which recovery is impossible [20] . There is a long list of papers describing supply chain disruption risks in another article [36] representing the diversity of approaches to supply chain risk management (SCRM) and evaluation of the financial consequences. For better supply chain management, financial and physical flows must be merged and studied dependently, considering possibilities of simultaneous perturbation. Without proper formalisation of such supply networks, the mitigation of cascading risk is impossible.
When developing EMRP based on Grubbström's MRP theory, the authors in [4] have shown how this basic model could help us to solve the problems of the proper presentation and analysis of the potential of the system failure and evaluation of NPV in case of the exposure to risk. Based on MRP theory, the study of the impact of the simultaneous perturbations in a supply chain on the NPV was presented as a novelty in the analysis of the supply chain risk. Although, the risk of obsolesce, which is very important and could influence interest rate and NPV evaluation for financing the SC, was not considered there. Owing to the assessment of the system in the frequency domain using Laplace transforms, where the time horizon of the reverse is infinite, it is not very convenient to study the impact of frequent changes of parameters on the NPV. It was especially difficult to examine the time to the technical obsolescence of the final product or some components in the SC. Therefore, the perturbations of delays in an SC under an uncertain time to the obsolescence of the items in a chain are studied still on the skeleton of MRP theory, using the network simulation model (NSM) approach. The results developed in natural science and technology [37] [38] [39] [40] [41] [42] have been modified, which can help close the gap in meeting the requirements of the sustainable supply chain of the Basel Committee on Banking Supervision [43] .
Methods
Disruption of Supply Chains on the Infinite Horizon
The critical questions concerning supply chain risk management (SCRM) are as follows:
•
What are potential sources of disruption; and • How can this disruption be avoided or mitigated?
Three main tasks in the risk management of supply chains are also interesting for our research:
• Specifying sources of risk and vulnerabilities in a chain; • Risk assessment; and • Risk mitigation [43] [44] [45] .
Depending on the product and supply chain characteristics, robustness is characterised by the weakest link in the chain. This principle requires that vulnerabilities be identified across the entire supply chain. For such structural identification, the bill of materials known and used in Grubbström's MRP theory is a good foundation and will be used in this paper as an upgrade of the theory developed in the work of [4] , in which the problem of obsolescence was not considered. The trade-off is analysed between the investment in risk mitigation and the disruption loss, weighted by the probability of disruption (i.e., the expected value of loss). The optimal level is achieved when the total cost that influences all activities in the chain is such that NPV reduced for investments is maximal.
Extended MRP Theory as a Framework for Risk Analysis in an SC
Perturbations of SC influence NPV. NPV is crucial for the ability of companies aligned in SC to get financing. To better evaluate the simultaneous perturbations of the intensity of flows, perturbed delays and their cumulative impact on the risk realisation are enabled by Grubbström's basic MRP theory. The first ingredients of MRP theory were introduced 1967 and later developed in the theoretical background for multi-level, multi-stage production-inventory systems to analyse essential decisions-in particular, order quantity and safety-stock/safety-lead-time planning decisions for the deterministic and stochastic behaviour of a production-inventory system. In such a multi-level, multi-stage production-inventory system, volume-the intensity of flows and timing perturbations at all stages and their impact on NPV-can be studied simultaneously, straight through the input-output matrices and their time dimensions, because of the properties of the Laplace transforms and their reverse.
The essential elements of MRP theory, developed for study production-inventory systems "under one roof", where transportation time is negligible, are the rectangular input and output matrices H and G, respectively. Different rows correspond to different items, and different columns correspond to various activities that transform the input items to the new things. The basic notation is given in Table 1 . Table 1 . The basic notation in extended material requirements planning (EMRP). NPV, net present value.
H; h i, j ∈ H
Input matrix (bill-of-materials) describing how many items (h i, j ) from activity cell i are needed to produce or to package one item in activity cell j i, j Index of fixed activity cell in a supply chain G; g i, j ∈G Output matrix. In our model, we shall assume that G is the identity matrix I The correction factor for the NPV at different perturbations of lead times and increasing time to the obsolescence One of the item characteristics could also be the location where the items are produced. If the jth process at the site j is running on the activity level P j , the volume of required inputs of the item i is h ij P j , and the amount of produced (transformed) outputs of the thing k is g k j P j . The total of all inputs is collected into the column vector HP, and the whole outputs are assembled into the column vector GP, from which the net production is determined as (G-H) P.
In general, P (and thereby net production) will be a time-varying, vector-valued function. For the details, see Grubbström's papers and the overview of . For the sake of simplicity, we often assume G = I.
In MRP systems, lead times are essential ingredients, influencing losses (negative added values). They appear in activity cells and later when we introduced transportation matrices (Bogataj, Grubbström, 2012 Grubbström, , 2013 , as well as on links between two activity cells. The volume h ij P j of an item i, previously having been a part of the available inventory, is reserved at the end of the production of the item i at a time (t − τ j − τ ij ) for the specific production intensity P j (t), and thereby moved into work-in-process. At the time t, when this production is completed, the identity of the items of type i disappears; instead, the newly produced items g k j P j (t) appear. Because of the stochastic nature of timing, the production can have additional delays τ d j if the delay appears in an activity cell, or τ d ij if it appears during the transportation of the procedure from i to j, respectively. τ d j And τ d ij are in general random variables, influencing future states of the supply chain added value or NPV. Consider an assembly system for which the components of the process j need to be sent from i at least τ ij + τ d ij time units before they must arrive to activity cell j and in place j at least τ j + τ d j time units before completion. Applying the time-translation theorem, the input requirements as transforms will be (see the works of [2, 3] ) the following, where τ d (s) is the perturbed lead-time matrix and H(s) ωd is the generalised perturbed input matrix capturing the volumes of requirements and their advanced perturbed timing:
. . . . . .
This vector compactly described all of the component volumes that must be in place for the production plan P(s), as described in the works of [2, 3] and analysed in the study of disruptions in another paper [4] . The net production of such a system will conveniently be written as follows:
and the inventory of items behaves as follows:
where R(0) collects the initially available inventory levels. F(s) represents exports from the system. If demand is reduced, delivery is also reduced. Substantially reduced demand could influence disruption risk, while high-frequency, small-severity changes of order here are supposed to influence operational risk. For the plan P(s) to be feasible, we must always have £ −1 R(s) ≥ 0. In his MRP model, Grubbström [28] also introduced cyclical processes, repeating themselves in constant time intervals T j , j = 1, 2, . . . , m. In the case that we should formalise cyclical flows, repeating themselves in the time interval T j , j = 1, 2, . . . , m, the series expansion of T(s) describes the cyclical production in the frequency domain, as detailed in Bogataj et al. [35] , developing the series
and t j j = 1, 2, . . . , m are delays between the moment when the first activity in the cycle starts, and when the j-th action starts. These delays are distributed in the time cycle and described in the frequency domain in a straightforward matrix way.
We may write the plan P(s) in the following way, using two diagonal matrices t(s) and T(s):
whereP is a vector of constants describing, for instance, the total amounts (i.e., batch sizes) in production (or delivering) in each process during one of the periods T j , j = 1, 2, . . . , m and t j , j = 1, 2, . . . , m are the points in time when the first of each respective cycle starts. Matrix t(s) could also be considered perturbed as exposed to high-frequency small-severity risk. In our case, the expected value of T j will be assumed to be constant, equal at all activity cells, but could be perturbed with exponentially distributed perturbations. For making the analysis more effective, without losing the generality of the solution, because the only thing that matters here is the relationship between the cycle length and the duration of the activity, the time unit can be equal to the expected length of a cycle: T j = T = 1 time unit, but we should expect that it will be perturbed.
The Analysis of the Simultaneously Realised Risks in a Global Supply Chain
In the case of demand disruptions, caused because of crises, obsolescence, or any other reason, we can say that
whereD is a stochastic vector with meanD influencing disruption risk if demand is under the critical valueD − ∆, where ∆ is still an acceptable reduction of the average demand. If we wish to have a probability P that demand is not falling under the critical value higher than 1 − α, we have to put the following requirements: Here, the condition is valid for each component of the production flow. If the probability that the supply will be higher than demand should be less than 0.005 (like in the Solvency and Basel requirements), than we shall write the following:
If we turn now our attention to the financial consequences, which influence the decision on financing of a supply chain, the price vector p should be described as a row vector:
The perturbation of it will not be considered in this paper. The chain could be exposed to operational risk because of low-severity, high-frequency
perturbations of H ωd (s) (also t(s)) and disruption costs when demand or lead times exceed the critical value. Therefore, the overall NPV at still constant prices may be written as follows:
where (K + Π) is a row vector of setup costs K and transportation Π costs, which accrue to the NPV when the activity starts. The probability that NPV will be higher than a critical value NPV critical in the critical value of demand given in (6) should be higher than 1 − α, which means higher than 0.995 if we follow the Solvency II requirements of Basel Committee on Banking Supervision [22] :
Like in the work of [7] , we put the demand that the quantitative requirements of the amount q should be reserved (i.e., the amount of capital in combination with the additionally carefully reserved inventories of items in individual activity cells of the total supply chain should compose reservations to cover at least one-year costs with a probability of 0.995).
p H
where r is the effective interest rate per year. The quantitative requirements of the amount that should be reserved were derived as follows:
The Risk Realisation on the Finite Horizon as a New Approach-The Network Simulation Model
In case of the supply chain risk of obsolescence in an unknown future when the distribution of the time to obsolescence is known, the SC managers should compare the investments in a supply chain with the NPV, which should be considered on the finite time horizon. In this case, NPV evaluated based on the MRP theory should be corrected with the correction factor λ and compared with the investments in new technology. Here, λ depends on the simultaneous perturbations of lead times in SC, where these perturbations are summarised in the frequency domain, and the assumed distribution of the time to obsolescence. By simulation based on the network simulation model (NSM), λ can be evaluated.
The formal approach that serves as the basis for the network simulation method (NSM) is Peusner's 'Theory of Networks' [23] , on which its 'Network Thermodynamics' is based. This theory, in turn, is based on the Theory of Circuits from a generalisation of its conjugate variables: electric current and potential difference. The network models are for Peusner an exact representation of the mathematical characteristics of the processes they describe. Thus, the characteristic variables of each problem must satisfy Kirchhoff's laws, and their relationships will determine the corresponding circuit elements. Now, in each concrete process and once the conjugated variables have been chosen, the information of which circuit elements intervene in the network model and how they connect is obtained from the mathematical model and not from physical considerations about the role that these variables play.
In the text by González-Fernández [38] and Sanchez-Perez et al. [42] , a detailed description of the fundamentals of the NSM and the first applications in various fields of science and engineering can be found: electrochemical processes, transport through membranes, heat transmission, and so on. After the work of [37] , the network simulation method (NSM) had already been applied successfully in several fields of engineering, such as heat transfer, electrochemical reactions, transport through membranes, inverse problems, ion transport, and others; all of these works describe non-linear transport processes. It has also been implemented to deformable solid mechanics, dry friction problems and oxidation processes [39] [40] [41] [42] .
Results-Mitigating the Supply Chain Risk of Obsolescence at the Simultaneous Robust Perturbations on the Finite Horizon
The SC without Perturbations of Lead Times on the Infinite Time Horizon-Numerical Example
Let us take a numerical example of the production part of the supply chain described in the work of [2] , as presented in Figure 1 and analysed for the perturbations on the infinite horizon in a further paper [4] . can add the matrices of perturbation of production and transportation lead times. Their values can be higher with a certain probability. Data (12) present the average production lead times and variations are added. Exponential distribution of perturbation of delays is assumed; therefore, all parameters are known. The data are now given in Figure 1 According to the bill of materials (BOM), which determines input matrix H, and timing in Figure   1 , which together with BOM also determine  H and perturbed d  H , we can write the generalised input matrices using production and transportation averages of delays, when frequency s is equal to the continuous interest rate  , as follows: Activity cell D assembles two units of E and one unit of F; activity cell B requires three units of D for the production of one unit of B; and at the end, A requires one unit of B and two units of C for the production of one unit of A. The bill of materials (BOM) of this example is presented in Figure 1 . To the previous model, which is explained in detail in the paper of Bogataj and Grubbström [2] , we can add the matrices of perturbation of production and transportation lead times. Their values can be higher with a certain probability. Data (12) present the average production lead times τ and variations are added. Exponential distribution of perturbation of delays is assumed; therefore, all parameters are known. The data are now given in Figure 1 for all nodes from A to F.
According to the bill of materials (BOM), which determines input matrix H, and timing in Figure 1 , which together with BOM also determine H ω and perturbed H ωd , we can write the generalised input matrices using production and transportation averages of delays, when frequency s is equal to the continuous interest rate ρ, as follows:
We assume that production takes place in cycles T i and that the first batch starts at t i , i = 1, 2, . . . , 6 , so that the regular timing in repeated cycles of flows of items is presented by ν(ρ), where ρ replaces the Laplace frequency s to couple the events with the realisation of payments in the financial streams. Therefore, we are using the same data as in the works of [2, 4] , where delays are deterministic values, but the delays are not deterministic in our further considerations, where they are exponentially distributed with the same mean as in the work of [4] , as well as the equal variance regarding the characteristics of the exponential distribution. In a stable (deterministic, not perturbed) supply chain, the values for the price vector and cost vector are given as follows: p = [560, 38, 25 , 34, 14, 15] . 
The cost vector includes setup and transportation cost parameters, which also consist of the realisation of transportation payments when they appear simultaneously. In our case study, we shall assume t(s) and T(s) of the same values, as in the deterministic case of Bogataj and Grubbström [2] and Bogataj et al. [4] , such that for P 0 (ρ) realisation, at the continuous interest rate ρ = 0.065, we obtain the following: Using Equation (8) for the net present value (NPV) of production activities, we can now calculate NPV when transportation time delays are included as follows: 38, 25 , 34, 14, 15 ] 
− 200 180 210 195 175 215
In supply chains without perturbations, NPV arising from production on the infinite time horizon is equal to 25,858 monetary units.
The SC with Perturbations of the Lead Times and Expected Obsolescence on the Finite-Time Horizon
Let us now introduce our novelty, if the time to obsolescence is not known, but would be estimated when considering investments, and that the interest rate could be varying on this time horizon. Using NSM tools, the growth of the NPV to the time to the obsolescence at various interest rates was obtained and is presented in Figure 2 , first shown on the time horizon up to 1000. For a shorter time horizon, the details for early obsolescence are given in Figure 3 . 
Let us now introduce our novelty, if the time to obsolescence is not known, but would be estimated when considering investments, and that the interest rate could be varying on this time horizon. Using NSM tools, the growth of the NPV to the time to the obsolescence at various interest rates was obtained and is presented in Figure 2 , first shown on the time horizon up to 1000. For a shorter time horizon, the details for early obsolescence are given in Figure 3 .
The interest rate varies from 0.01 to 0.10 in steps of 0.01. Here, the time delays are not perturbed. The transportation costs are added to the costs of production. Therefore, the NPV on the infinite horizon at different interest rates is very close to the values at the time to obsolescence equal to 1000 time units. The interest rate varies from 0.01 to 0.10 in steps of 0.01. Here, the time delays are not perturbed. The transportation costs are added to the costs of production. Therefore, the NPV on the infinite horizon at different interest rates is very close to the values at the time to obsolescence equal to 1000 time units.
The correction factor for NPV on the finite time horizon was calculated, derived from Table 2 . We can see that it is significant at the lower interest rate, but it goes rapidly to 1 when the interest rate is increasing. We also analysed the impact of lead time perturbation of different activity cells (production units at various distant locations) on the NPV for the case of obsolescence on the specified time horizon (TTO) given on the abscissa of the figure. Figure 4 shows an example of a variation of NPV when the lead time of D is increasing. Figure 5 shows the details on the shorter time horizon to the obsolescence-a similar approach to statistics that we can use when all activities are delayed simultaneously. From Table 3 , we can see that, in the case of a low interest rate, if the time to the obsolescence is only 500 cycles and the interest rate only 1%, then NPV decreases by 1%. If the interest rate is 2% and the time to the obsolescence is only 100 cycles, then NPV reduces by 14%. We can see in Table 4 that NPV decreases when the lead time is increasing. The relative decrease expressed with the coefficient  was calculated for the perturbation of delays at D and given time to the obsolescence, as presented in Table 5 . A similar calculation can also be given for any simultaneous appearance of obsolescence and known distribution of delays. We can see in Table 4 that NPV decreases when the lead time is increasing. The relative decrease expressed with the coefficient  was calculated for the perturbation of delays at D and given time to the obsolescence, as presented in Table 5 . A similar calculation can also be given for any simultaneous appearance of obsolescence and known distribution of delays. Figure 5 . NPV in details when the led time of D is increasing on the interval [3, 6] . We can see in Table 4 that NPV decreases when the lead time is increasing. The relative decrease expressed with the coefficient ϑ was calculated for the perturbation of delays at D and given time to the obsolescence, as presented in Table 5 . A similar calculation can also be given for any simultaneous appearance of obsolescence and known distribution of delays. Using NSM, the behaviour of the NPV can be analysed, when the distribution density functions of lead times or any other time delay, as well as the distribution of the time to obsolescence, is known, and the perturbations appear simultaneously.
Discussion
In the case of an SC exposed to the risk of obsolescence in an unknown future, we can judge the time to obsolescence only roughly. The MRP or EMRP evaluation of the NPV under the uncertainty of obsolescence without embedded NSM procedure could be quite highly overestimated, as we can see for our case study in Tables 3 and 5 . For example, if the time to the obsolescence is high enough (1000 time units), then the NPV is well evaluated even if we do not make corrections with the NSM obtained correction factor, as presented in Table 2 . Also, at higher interest rates, NSM adjustments are negligible, and the model, presented by Bogataj et al. in [4] , is good enough even for the NPV evaluation and evaluation of changes in the NPV at a lower interest rate. However, for a short time to the obsolescence and at a meagre interest rate, which could be cases nowadays, we cannot neglect the correction factor in the NPV estimation. For example, if the interest rate is 2% and obsolescence appears already after 100 time units, NPV in our model is 14% lower than estimated by the extended MRP model, which means that the correction factor λ is 0.86. If the interest rate is 4%, the correction factor is 0.98. Like in the case of our supply chain, for any SC, such estimations can be made and then investments compared with the corrected NPV, like in Table 2 , to decide to invest or not in the SC.
On the same way, we can estimate the needed corrections of NPV achieved by the MRP method if the obsolescence appears sooner, but lead times increase. For the case of perturbations in one node (D) of our case study, the correction factors are given in Table 5 . If the time to the obsolescence is only 100 time units, and the time delay is equal to 6, the NPV obtained by the MRP model should be corrected by the factor ϑ = 0.777. In case if the time to the obsolescence increases to 1000 time units, however, the correction factor at the same delays is only 0.814. Note also, that while the time to the obsolescence increases to 1000 time units at the delay of 3 time units, NPV obtained by extended MRP method does not need any corrections.
Conclusions and Further Research
From the Web of Science Core Collection, there are 71 papers indexed, where the intersection of topics-environment, sustainability, and net present value evaluation of investments-are studied, mainly in journals like Environmental Studies (17), Energy Fuels (11), Engineering Civil (10), Green Sustainable Science Technology (9) , and Construction Building Technology (8) . The first paper on the intersection of these three topics was published in 2002, but the yearly number of articles is growing rapidly and reached 11 contributions in 2018. Since 2015, in Sustainability, there are 15 papers in which investments have been evaluated using the NPV approach. The articles propose to assess the economic feasibility of environmental protection technology and present the assumptions at which these environment protection systems become economically viable [46] . The profitability analysis is often conducted based on the discounted cash flow method, and the criterion function or a component of it is net present value criterion [8] . In none of these evaluations had the assumption of obsolescence been exposed. As presented in above chapters, however, the obsolescence can significantly reduce NPV and, therefore, the viability of environmental projects.
The uncertainty of viability is increasing by the fast development of the new technologies and increased lead times and their perturbations, owing to the globalisation, which influences obsolescence risks. Obsolescence is only one of the many risks to which supply chains are exposed, but this phenomenon is rarely addressed together with other risks to which production and distribution systems are exposed, as discussed in the work of [47] . The obsolescence risk is the risk that processes in an SC, produced items, total products, or technological solutions in an SC will become obsolete, thus losing the ability to compete on the market. This potential of fast obsolescence reduces the NPV of an SC, and hence the willingness of investors to invest in highly innovative products and banks to give a loan for such investments. In the world of the fast development of technologies, the obsolescence risk is very significant for technology-based SC or their parts when competing in the economy of innovations.
In the article, the need is exposed that this risk should be estimated when members of an SC are deciding how much to invest in new technology. As already mentioned, there is a diverse range of research in financing the supply chain and the impact of the supply chain risks on the financial evaluation of SC. In none of them is the effect of the obsolescence studied systematically. The combination of the MRP method and the NSM can give us a systematic evaluation of risks of obsolescence for any variations of other parameters in the supply chain. In this paper, we have presented the method how to evaluate the perturbations of delays and uncertain value of money (the volatile interest rate) on the finite time horizon concerning total SC through considering the risk drivers and mitigating supply chain risk when one or several parameters are exposed to risk simultaneously and the time to obsolescence is uncertain. The realisation of a supply chain risk influences perturbations in lead times, appearing in transportation routes and nodes of a network, which can be better evaluated in a complex domain for SC operation on the infinite horizon, where they can be summarised and, after this procedure, transformed back to the time domain. In the case in which the time horizon is finite, however, the detailed analysis can be achieved only with a good simulation of the joint perturbations in the SC. Therefore, the simulation tool like that used in our presentation is advised to be embedded in the basic extended MRP model for studying more complex supply chains exposed to the obsolescence.
To include all three main pillars of sustainability in the model, supporting decisions on investments where the impact of innovations in technology are crucial, and the obsolescence is to be expected soon, the presented model should be extended in two directions.
(a) To study the impact of obsolescence, together with environmental issues, the extension of the presented network is needed, as explained by Bogataj and Grubbström in the article "On the representation of timing for different structures within MRP theory", where the close loop analysis is given on the infinite horizon [2] . In such cases, some considerations by Kwak and Kim, regarding green profit maximisation through integrated pricing and production planning [48] , would also be further studied and evaluated with the NPV criterion, and environmental constraints and penalties. (b) Among the social sustainability issues, the main challenges are rising because of the ageing of the European workforce. Therefore, the trade-off between investments in ergonomics and pension schemes for earlier retirement, as presented by Bogataj et al. [49] , and other ergonomic improvements should be studied on the finite horizon, which might give different optimal policies for the cases with a smaller ratio between the obsolescence horizon and the value of the length of a cycle. In this case, as well as some other solutions, listed in the articles of Calzavara et al. [50] , Battini et al. [51] , and Andriolo et al. [52] , would be included in the model. 
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